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I. INTRODUCTION
Residual stresses are one of the most important challenges to the safety of parts and structures. Engineers who have confronted the task of determining the safety in a metallic structure know that the destructive techniques cannot be used in most of the common problems found in real life. Destructive techniques are not applicable to parts like railroad wheels, pumps, nuclear equipment, and many others.
Various techniques are available for the measurement of residual stress. Thompson, Lu, and Clark 1 and Schneider 2 described several ultrasonic methods. Residual stress is never measured directly, but rather indirectly through the strain induced by the residual stress. Over the last few decades, various quantitative and qualitative techniques have been developed. They can be generally classified into two distinct classes, destructive and nondestructive techniques.
The destructive techniques are based on the relaxation of the residual stresses in a mechanical component. Relaxation techniques consist of creation of a new stress state by machining or layer removal and detection of the local change in the stress by measuring the strain or displacement. Finally, the residual stress is calculated as a function of strain measured using the elasticity theory.
The nondestructive methods are based on the relationship between the physical or crystallographic parameters and the residual stress. X-ray diffraction and the neutron methods are based on the measurement of lattice strains by studying the variations in the interplanar spacing of the polycrystalline material. The x-ray diffraction technique measures the residual strain on the surface of the material, while the neutron diffraction method measures the residual strain within a volume of the sample. The diffraction techniques can be used to study a variety of residual stress patterns. Magnetic stress measuring methods rely on the interaction between the magnetization and the elastic strain in ferromagnetic materials. Ultrasonic techniques rely on the variations in the time of flight difference of ultrasonic waves, which can be related to the residual stress state through third order elastic constants of the material.
Cost and portability are the two main factors limiting the extensive use of the nondestructive techniques. Ultrasonic instrumentation has an advantage in this aspect because it has the lowest cost among the previously cited methods and there are some portable systems with acquisition rates above 25 MHz. These boards can be used in portable computers. Boards with data acquisition rates of 100 MHz or even more are normally used in conjunction with regular personal computers. The data acquisition rate defines the minimum time that can be measured using the board. Boards with 100 MHz are able to get data every 10 ns and with 25 MHz at every 40 ns. When acquiring data, the researcher usually looks for a single position in time, like the time that the wave crosses the null in the amplitude scale. Because of the linear interpolation between two consecutive data points, it is possible to get estimates of this time with resolution even better than 3 ns. 3 But even the portable systems are not affordable for every possible user of ultrasonic stress equipment, so another alternative may be considered. a͒ Electronic mail: aute@fem.unicamp.br b͒ Author to whom correspondence should be addressed; electronic mail: debray@brayengr.com This work presents the application of ultrasound in the evaluation of a one-dimensional stress field using the longitudinal critically refracted (L CR ) waves. These are surface skimming longitudinal waves and they have the best sensitivity among the ultrasonic waves. A new ultrasonic L CR probe is presented and its performance is evaluated. Also, the L CR wave sensitivity is verified with a low cost commercial instrument, allowing significant cost reduction of the instrumentation. Evaluating the performance of the systems required the construction of a special fixture for applying stress to the bar. The results show that the technique can be used to find stresses in bars and are able to quantify their magnitude.
II. THEORY
Stress is always measured through its effects. These effects can be the opening of a crack or, the most common, the variation of the strain, among others. Previous works use shear waves polarized parallel and perpendicular to the direction of the stress to be measured. [4] [5] [6] The relation among the stresses and the velocity of the ultrasonic waves was determined using the acoustic birefringence. 7 Longitudinal waves propagating across the thickness of a specimen do not show sufficient variation in the time of flight to be used to verify the change in the bulk stress. When the first critical incidence angle is used, about 28°to steel using a PMMA wedge, the longitudinal waves traveling along the surface of the material become very sensitive to stress variation and less sensitive to the effects of material texture. 8 These waves are called longitudinal critically refracted waves, or L CR waves. Figure 1 shows a bar under tension where the wave propagates in three perpendicular directions. In Fig. 1͑a͒ the wave propagates parallel to the load and V 11 represents the velocity of the particles in the same direction ͑longitudinal wave͒, meanwhile V 12 and V 13 represent the velocity in a perpendicular plane ͑shear waves͒. In Figs. 1͑b͒ and 1͑c͒ the waves propagate in the other directions and the velocities are also shown. The first index in the velocities represents the propagation direction for the wave and the second represents the direction of the movement of the particles. Egle and Bray 4 studied the sensitivity of these waves to the strain. The results are shown in Fig. 2 for rail steel. The most significant variation in travel time with the strain was found for longitudinal waves, followed by the shear waves when the particles vibrate in the direction of the load. The other waves do not show significant sensitivity to the deformation.
Hughes and Kelly 9 derived expressions for the speed of elastic waves in a solid under stress. As summarized by Egle and Bray, 4 they showed that the speeds of the plane waves traveling parallel to load can be related to the strain ͑␣͒ by the following expressions:
where ␣ 1 , ␣ 2 , ␣ 3 are components of the homogeneous triaxial principal strains, 0 is the initial density, and are second order elastic constants ͑Lame's con-stants͒, ϭ␣ 1 ϩ␣ 2 ϩ␣ 3 , l, m, and n are third order elastic constants, 10 and V 11 , V 12 , and V 13 are velocities of waves in direction 1 with particle displacement in directions 1, 2, and 3, respectively.
For a state of uniaxial stress, ␣ 1 ϭ⑀, ␣ 2 ϭ␣ 3 ϭϪ⑀, where ⑀ is the strain in direction 1 and is Poisson's ratio. Using these values, Eq. ͑1a͒ becomes
The relative sensitivity is the variation of the velocity with the strain and can be calculated by Eq. ͑3͒. In this equation, L 11 is the acoustoelastic constant for L CR waves.
The values for acoustoelastic constants for other directions can be obtained in the same way. Experimental values for the relative variations in the velocity with the strain expressed by these acoustoelastic coefficients for rail steel are given in Fig. 2 . The variation in the V 11 velocity, controlled by the coefficient L 11 , is much greater than the other ones. The V 23 velocity also has a significant variation with the strain, indicating that these waves are the best candidates to be used in the stress evaluation.
Stress can be calculated by the one-dimensional application of the stress-strain relations in elastic solids. Combining this relation with Eq. ͑3͒ gives 
where d is the stress variation ͑MPa͒ and E is the elasticity modulus ͑MPa͒.
The variation in the velocity can be expressed by the variation in the time required for the wave to go through the path from the sender to the receiver. So, the relative variation in the speed can be calculated by the relative variation in the time of flight (dt/t 0 ), as shown in Eq. ͑5͒, where t 0 is the time for the wave to go through the path in the material being investigated in the absence of stress.
The same equation can be used for the other directions of the waves, provided the value of the acoustoelastic coefficient L is changed. Figure 3 shows the force application fixture built for this study. It was built to analyze the effect of the tensile stress in the time of flight for ultrasonic waves. It is basically a tensile stress machine, which can be operated using a manual hydraulic pump. Two cylinders apply the force to stretch the bar under test. The force can be calculated using the hydraulic pressure and the effective area of the cylinders, A ϭ1 in. 2 ͑645.16 mm 2 ͒. The bar under test is 63.0 mm wide and 12.6 mm thick. While it is not expected that the bar would bend, bending could affect the response of the ultrasonic system. Even if any bending of the bar is not visible, it could cause a larger variation in L CR results than in shear waves. This is because shear wave systems measure the average stress across the thickness while the L CR waves measure only the effect near the surface in the region where the sensors are placed.
III. MATERIALS AND SYSTEMS

A. PC-based ultrasonic instrumentation
A setup for obtaining L CR data is a regular ultrasonic arrangement composed of sensors, a pulser receiver and a data acquisition board. The arrangement has two receiving probes at spacing d and best results are obtained when temperature variations are monitored. For constant temperature test conditions, a single receiver can be used. For the present experiment, two commercial piezoelectric transducers are used. The system uses a Panametrics 5072PR pulser receiver and a PC equipped with a Gage CompuScope 265 highspeed digitizer board operating at a 130 MHz sampling rate, and LABVIEW software. Signal averaging was used.
B. Portable ultrasonic instrumentation
A commercial Panametrics Epoch III digital ultrasonic flaw detector was used to collect comparative data. The instrument is capable of a 7 ns travel time resolution. To set the instrument for convenient readout, the velocity is set at 0.2000 in. s and the rf display is selected. Using the expansion ͑zoom͒ feature, the arriving L CR wave form is displayed fully across the screen. The cursor is moved to the reference part of the pulse. The instrument was adjusted so that the depth indication times 10 gives the arrival time in s.
C. Transducer
A regular L CR sensor is composed of the piezoelectric element mounted in a Plexiglas base ͑PMMA͒, allowing the wave to hit the surface under test at the prescribed angle. Two sensors make up the transducer, one emitter and one receiver. The pulse-exited transducers are 2.25 MHz and 12 mm sq. The distance ͑d͒ between them is 201 mm. Figure  4 shows the scheme of the L CR transducer and a photo of it. Probe repeatability in multiple removal and replacement tests has been shown to be approximately 3 ns with a 152.4 mm ͑6 in.͒ spacing, 3 giving a 0.001% repeatability. 
D. Strain gauge instrumentation
The strain gauge data were obtained with a National Instruments eight-channel strain gauge conditioning board ͑SC-2043-SG͒ contained in an external box. The strain gauges were connected directly to the enclosure. The information from the box was routed to a National Instruments PCI E series multifunction I/O 200 kS/s, 12 bit board that was mounted within the computer. The data were displayed in both strain and stress format with a LABVIEW VI ͑virtual instrument͒ specially designed for this application.
IV. PROCEDURE
The procedure consisted of increasing the load and measuring the variation in the time of flight for the L CR wave between the sender and the receiver. The couplant used was a commercial gel and the environment was temperature controlled.
For clamping the probe to the bar, we applied pressure directly through the probe interface and the bar. This ar-rangement eliminated bending in the bar due to probe pressure. The bending was verified by strain gauges and found to be very low. Hydraulic pressure was applied to the probe and test bar to reduce the effect of the couplant thickness on the travel times. 3 The pressure on the probe was 1.38ϫ10 3 kPa ͑200 psi͒.
Load control was done using a manometer to measure the hydraulic pressure in the actuators. The pressure was changed from 0 to 6.9ϫ10 4 kPa ͑from 0 to 10 000 psi͒ in steps of 1.38 10 4 kPa ͑2000 psi͒. The force in the bar varied from 0 to 89.1 kN and the stresses inside the bar varied from 0 to approximately 115 MPa.
Verifying the actual stresses required the application of strain gauges to the surface of the bar. Six strain gauges were bonded near the position were the ultrasonic transducer was attached. Figure 5 shows the results for the correlation among the stresses calculated using the hydraulic pressure and using the average strain gauge measurement. The value of 0.99 for the correlation coefficient indicates the similar behavior of the two systems and the linear coefficient of 1.006 indicates that the stresses calculated using the pressure are virtually the same as those measured by the strain gauges. The stresses were obtained from the strains using the linear elastic relationships. The value of strain from the gauges can be calculated using Eq. ͑6͒. The strain gauge was connected to an electrical bridge, so the variation in the resistance during the application of stress could be measured by unbalancing of the voltage.
where ⑀ is specific strain, F is the gauge factor, ⌬R is the strain gauge resistance variation ͑⍀͒, and R is the strain gauge initial resistance ͑⍀͒. 
V. RESULTS
The change in stress can be calculated from the acoustoelastic relations shown in Eq. ͑5͒. In Eq. ͑5͒, the value t 0 can be calculated using the distance d and the longitudinal wave speed in steel (C 1 ) presented in Eq. ͑7͒. The overall travel time includes the time the wave travels inside the PMMA material whether the bar is loaded or not. So the differences in time caused by the stress variation are related only to the distance d,
A. PC based measurements
Two runs were done with the PC based instrumentation. Table I shows the results for the first measurements using the PC based system. The force is applied, the measurements are done and the force is taken off in each step. Table I shows the values in increasing order of the calculated stress. These stresses were calculated using the strain gauge. The second column ͑P2͒ represents the measured travel time. The last column shows the stresses calculated using the acoustoelastic constant suggested by Bray and Stanley 8 for a railroad rail (L 11 ϭ2.38). For 4140 steel, the value for L 11 in tension is 2.2.
A second test was run in the same system. The results were slightly different, but are still in the expected range of variation for the acoustoelastic coefficient. Table II shows the stresses calculated for this test. Figure 6 shows the plot of the stress values. The data represents the two runs. There is also the best-fit curve for all data. Table III shows the results for the measurements using the portable commercial flaw detector. Table III shows the same variables presented in Table I . There was one data set using this system. Figure 7 shows the plot for the values presented in Table III .
B. Measurements of L CR waves using the portable system
VI. ANALYSIS
The results presented in Figs. 6 and 7 show that the ultrasonic longitudinal critically refracted waves (L CR ) are sensitive to stress variation. In the PC based data acquisition system there is no deviation from linearity but the two sets of data are slightly different. This fact suggests that the differential may increase when the magnitude of the stress is higher. The data acquired using the portable instrumentation are also linear.
The error relative to the real stress for the PC based instrument is shown in Fig. 8 . It is the difference among the stresses measured by the strain gauge and the value calculated using the linear curve shown in the Fig. 6 . The value for zero stress is not shown because of the null denominator. The error for stresses larger than 20 MPa is less than 3% and for stresses over 50 MPa can be as low as 1%. These results were obtained using only two measurements of each stress value. Although for each measurement the value represents the average of 10 wave forms, the determination of each data point is almost instantaneous. Previous verification suggests that the major influence in the scatter of the data is related to the measurements done in different applications of the superficial pressure. 11 The number of averages at the same appli- cation is not so significant as long as it is three or more. The results suggest that the error can be reduced by increasing the number of measurements, as expected. Figure 8 shows that there is an inversion in the signal of the error when stresses are greater than 70 MPa. The present study was not able to verify that the increase in the error extends to stresses greater than 115 MPa, but it looks like the error tends to stabilize in values smaller than 2%.
The error measured when using the portable instrumentation is presented in Fig. 9 . The constant value of the error in stresses larger than 20 MPa indicates that the value of the acoustoelastic constant could be underestimated. In this case, the measured value represents only one data acquisition ͑no averages͒. The results shown in Fig. 6 are for just one measurement and the error could have the opposite signal in another measurement. Although more tests still need to be done, it appears that the stabilization tendency that is shown in Fig. 9 is right. This variation is most likely related to the lower resolution of the commercial flaw detector. The agreement of the acoustoelastic values can vary. We used L 11 ϭ2.38. To reduce the error to less than 2%, it would be necessary to adopt L 11 ϭ2.6. This value is approximately the same as that used by Schramm, Szelazek, and Clark 12 in the evaluation of railroad wheels the investigation reported by Schneider 2 shows that the acoustoelastic constant may be affected by the dislocation density in the material. At this time, there is not enough evidence to indicate that the value for L 11 must be changed.
VII. DISCUSSION
The present work shows that the longitudinal critically refracted waves can be used in the determination of the magnitude of the stresses in a thin bar. Two systems were used and both showed very good agreement with the real stresses. Measurements can be made with a maximum error of 12% ͑Ϯ2.5 MPa͒ for stresses about 20 MPa and less than 2% error ͑Ϯ2.0 MPa͒ for stresses about 100 MPa. It is a remarkable result in comparison with strain gauge systems ͑Ϯ1%͒, when taking into account the variation of the materials properties ͑8% for the endurance limit͒. It should be noted that the ultrasonic technique is a nondestructive tool that can be used in the field and it does not require continuous monitoring. The system sensitivity is more than enough to identify dangerous stresses in mechanical parts in service.
One of the most important difficulties in using ultrasonic techniques is the portability. Instruments used to measure stresses based in ultrasonic signals are usually embedded in personal computers. Non-PC based instruments have a low data acquisition rate and limited travel time resolution. The high sensitivity of the longitudinal critically refracted wave to the stress variation allowed a commercial system to be used in this study. The results presented in this work show that the system can also be used for this task as long as the actual acoustoelastic coefficient is used or a previous calibration is performed.
